We study the hyperfine mass differences of heavy hadrons in the heavy quark effect theory (HQET). The effects of one-gluon exchange interaction are considered for the heavy mesons and baryons. Base on the known experimental data, we predict the masses of some heavy baryons in a model-independent way. *
I. INTRODUCTION
It is widely accepted that Quantum Chromodynamics (QCD) is the correct theory for strong interactions. QCD is a renormalizable quantum field theory which is closely modeled after quantum electrodynamics (QED), the most accurate physical theory we have to date.
However, in the low-energy regime, QCD tells us that the interactions between quarks and gluons are strong, so that quark-gluon dynamics becomes non-perturbative in nature. Understanding the structures of hadrons directly from QCD remains an outstanding problem, and there is no indication that it will be solved in the foreseeable future. In 1989, it was realized that, in low energy situations where the typical gluon momenta are small compared with the heavy quark mass (m Q ), QCD dynamics becomes independent of the flavor and spin of the heavy quark [1, 2] . For the heavy flavors, this new symmetry called heavy quark symmetry (HQS). Of course, even in this infinite heavy quark mass limit, low energy QCD dynamics remains non-perturbative, and what HQS can do for us is to relate otherwise unrelated static and transition properties of heavy hadrons, and hence enormously reduces the complexity of theoretical analysis. In other words, HQS allows us to factorize the complicated light quark and gluon dynamics from that of the heavy one, and thus provides a clearer physical picture in the study of heavy quark physics. Beyond the symmetry limit, a heavy quark effective theory (HQET) can be developed by systematically expanding the QCD Lagrangian in powers of 1/m Q , with which HQS breaking effects can be studied order by order [2, 3, 4] .
In the experimental area, all masses of s-wave charmed hadrons and bottomed mesons which containing one heavy quark are found at present. However, except the particle Λ [6, 7] . It is reasonable that the remainder particles, which include Ξ ′ b , Ξ * b , Ω b , and Ω * b , will be observed in the foreseeable future. All these heavy hadrons provide a testing ground for HQET with the phenomenological models to the low-energy regime of QCD. In this paper we focus on one static property, that is, the mass spectrum of heavy hadrons and combine HQET with the known experimental data to predict the mass splitting of some heavy baryons. The phenomenological models are not needed here.
The paper is organized as follows. In Sec. II brief introductory notes are given for HQET. In Sec. III we formulate the hyperfine mass splitting for heavy mesons and baryons.
In Sec. IV we evaluate the numerical results and predict some mass differences between heavy baryons. Finally, the conclusion is given in Sec. V.
II. HEAVY QUARK EFFECT THEORY
The full QCD Lagrangian for a heavy quark (c, b, or t) is given by
where
Inside a hadronic bound state containing a heavy quark, the heavy quark Q interacts with the light degrees of freedom by exchanging gluons with momenta of order Λ QCD , which is much smaller than its mass m Q . Consequently, the heavy quark is close to its mass shell, and its velocity does not deviate much from the hadron's four-velocity v. In other words, the heavy quark's momentum p Q is close to the "kinetic" momentum m Q v resulting from the hadron's motion
where k µ is the so-called "residual" momentum and is of order Λ QCD . To describe the properties of such a system which contains a very heavy quark, it is appropriate to consider the limit m Q → ∞ with v and k being kept fixed. In this limit, it is evident that the quantity m Q v is "frozen out" from the QCD dynamics, so it is appropriate to introduce the "large"
and "small" component fields h v and H v , which is related to the original field Q(x) by
where P + and P − are the positive and negative energy projection operators respectively:
It is clear that h v annihilates a heavy quark with velocity v, while H v creates a heavy antiquark with velocity v. In the heavy hadron's rest frame v = (1, 0),
to the upper (lower) two components of Q(x).
In terms of the new fields, the QCD Lagrangian for a heavy quark given by Eq. (1) takes the following form
Eq. (5), we see that h v describes massless degrees of freedom, whereas H v corresponds to fluctuations with twice the heavy quark mass. The heavy degrees of freedom represented by H v can be eliminated using the equations of motion of QCD. Substituting Eq. (4) into
Multiplying this equation by P ± , one obtains
The second equation can be solved schematically to give
which shows that the small component field H v is indeed of order 1/m Q . One can insert this solution back into Eq. (7) to obtain the equation of motion for h v . It is easy to check that the resulting equation follows from the effective Lagrangian
L Q,ef f is the Lagrangian of the heavy quark effective theory (HQET), and the second term of Eq. (10) allows for a systematic expansion in terms of iD/m Q . Taking into account that P + h v = h v , and using the identity
is the gluon field strength tensor, one finds that
The new operators at order 1/m Q are
where O 1 is the gauge invariant extension of the kinetic energy arising from the off-shell The full expansion of L Q,ef f in iD/m Q can be organized as follow
where the first few terms are given by
We must emphasize that this effective theory comes from first principle directly, and it is in terms of the power of 1/m Q , which is small enough, to calculate the physical quantities which concerning heavy quarks perturbatively, i.e., order by order. If one chooses the appropriate frame and phenomenological model, then one can handle many physical processes systematically. We also note that, as shown in Eq. (16), the information of heavy quark flavor is only involved in the factor (1/2m Q ) n . In other words, all L n 's are independent of the heavy quark flavor. We will use this property to evaluate the mass splittings of some heavy hadrons.
III. HYPERFINE MASS SPLITTING
First, we consider the hyperfine mass splitting between pseudoscalar and vector heavy mesons. The operators that break HQS to order 1/m Q are O 1 and O 2 given in Eqs. (14) and (15) respectively. O 1 can be separated into a kinetic energy piece and a one-gluon exchange piece:
Also, O 2 can be reexpressed as
With the 1/m Q corrections included, the heavy meson masses can be expressed as 
The parameterΛ q in Eq. (21) is the residual mass of heavy mesons in the heavy quark limit. In other words,Λ q is independent of heavy quark flavor. λ 1k comes from the heavy quark kinetic energy, λ q 1g and λ q 2 are respectively the chromoelectric and chromomagnetic contributions. λ q 1 parameterizes the common mass shift for the pseudoscalar and vector mesons, and λ q 2 accounts for the hyperfine mass splitting. In both the non-relativistic and relativistic quark models, the hyperfine mass splitting comes from a spin-spin interaction of the form where S Q is the spin operator of the heavy quark and J l is the angular momentum operator of the light degree of freedom. Thus
where S M is spin quantum number of the meson M. Consequently, d M = −1 for a vector meson, and d M = 3 for a pseudoscalar meson. Therefore, we obtain the hyperfine mass splitting,
We next consider the hyperfine mass splitting among the baryons containing one heavy quark (Q) and two light quarks (q 1 , q 2 ). Each light quark is in a triplet q = (u, d, s) of the flavor SU(3). Since 3 ⊗ 3 = 6 ⊕3 and the lowest lying light quark state has n = 1 and L = 0 (S-wave), there are two different diquarks: a symmetric sextet ( J l = 1) and an antisymmetric antitriplet ( J l = 0). When the diquark combines with a heavy quark, the sextet contains both spin- 6 are illustrated in Fig. 1 (a) and (b) , respectively, and their quantum numbers are listed in TABLE I.
By analogy with Eq. (21), the heavy baryon masses can be expressed as
is the residual mass of heavy baryons in the heavy quark limit. The proportions of λ 
where N c is the color number. Thus 
whereq is the u or d quark and δΛ
. For the Ξ Q baryons, however, the complexity is increased because of the flavor SU(3) symmetry breaking. We consider the flavor SU(3) symmetry breaking and write down the hyperfine mass splittings of Ξ Q , Ξ ′ Q , and Ξ * Q as
It is worth to mention that, from Eqs. (30), (31), (33), and (34), δΛ q 1 q 2 are
Finally, the hyperfine mass splitting of Ω Q and Ω * Q is
We can use the hyperfine mass differences which are experimentally known for charmed baryons to calculate the ones for bottomed baryons.
IV. NUMERICAL RESULTS
Now we consider the numerical results of the hyperfine mass splitting for heavy mesons.
As mentioned above, λ 2q just relates to the light degrees of freedom and independent of the heavy quark mass m Q . Thus, from Eq. (25), we obtain
whatever the values of light quark masses (m u , m d , m s ) and other parameters appearing in any phenomenological model are. Experimentally, the ratio of hyperfine mass splitting is given by [9] 
where we take the masses of D * and D mesons to the average ones of their charged and neutral mesons. This agreement is not only a triumph of HQET, but also reveals that the 1/m Q corrections are enough here. In addition, from the experimental data shown in Eqs.
(39) and (40), we also find that
This means the SU(3) breaking effect of the hyperfine mass splitting in heavy mesons is very small.
Next we consider the numerical results of mass difference between the heavy baryons B * 6
and B 6 . From Eq. (29) and the ratio in Eq. (39), we predict 
From Eq. (37) and the ratio in Eq. (39), we also predict
where the value
is taken from Ref. [9] . In addition, from Eqs. 
∆M . To get the more confidence in HQET, the more precise experimental data are needed.
